Abstract
Introduction
Water scarcity in the Mediterranean area is expected to worsen under potential climate change (CC) predictions (IPCC, 2014) . Across the region, research and extension services are exploring how technology transfers can enable farmers to adapt (Alrusheidat et al., 2016) . In Tunisia, CC adaptation (MESD, 2015) is based on a projected increase in average temperature of 2.1°C and a decrease in annual rainfall by 20% in 2050 (GIZ, 2007; Lhomme et al., 2009; Bird et al., 2016) . Climate changes have been affecting the livelihoods of the low income households depending on family farming in central and southern parts of the country (Verner and Breisinger, 2013; Zouabi and Peridy, 2015; Ben Zaied and Zouabi, 2016) . Further discussion of the potential strategies for agricultural sustainability under climate change and increasing water scarcity in Tunisia is presented in Zouabi and Peridy (2015) .
Decision makers' interventions are intended to improve the outcomes of climate change adaptation for vulnerable communities, and for the society as a whole. However, policy failures can occur due to the lack of information and/or uncertainty of the expected outcomes of the intervention strategies (Chambwera et al., 2014) . Cost-benefit analysis of intervention strategies offers a means to overcome this bottleneck by encouraging rigourous analyses of decision alternatives (Kurukulasuriya and Rosenthal, 2013) . However, one of the challenges encountered in applying cost-benefit analyses is that public and private perspectives on the relative magnitudes of the adaptation benefits and costs may vary (Hanley and Barbier, 2009) .
Across much of the mediterranean region, the conversion of natural pastures and rangeland areas to commercial tree production (including olive plantations has been driven by demands from international markets (Zdruli, 2014) . Agroforestry and sylvopastoralism have often been proposed as a means to solve, or at least to mitigate, problems related to land degradation (Le Houérou 1990 , 2000 . Under ongoing climate changes across the rangelands, it has been argued that investments in agroforestry offer a means to avert widespread disruption of socio-economic well-being (FAO, 2005; Lasco et al., 2014) . Trees are recognized to contribute to microclimate regulation in dry areas. They can reduce evaporative water loss from the soil surface, and thereby enhance water use efficiency, soil fertility, vegetation productivity and carbon sequestration (Braimoh, 2012; Gracia et al., 2011) .
Various contributions to the international development literature have considered the private costs and benefits of investments in the production of olives (Stilitano et al., 2016; Sgroi et al., 2015; Mohamad et al., 2014) , cactus fodders (Guevara et al., 1999a (Guevara et al., , 1999b and agroforestry more broadly (e.g. Barbier, 2000; Alavalapati and Mercer, 2005) . But very few have investigated the full social returns and costs of these investments in CC adaptation in rangeland communities and their livelihood systems (exceptions include: Lasco et al., 2014; Paul et al., 2017) . No assessment of the likely returns on investments in agroforestry has yet succeeded to integrate understanding of the complexity of these systems with an economic assessment of effects under climate change and increasing water scarcity.
Decision-makers and extension services have supported tree-based adaptations as a means to reduce the ecosystem vulnerability and stabilize farmers' incomes in Southern Tunisia. Olive plantation is subsidized because it provides farmers with an additional and diversified source of income in the medium term (Sghaier et al., 2010; Ben Zaied and Zouabi, 2016) . But over the longer term, in the context of increasingly scarce and variable rainfall due to CC there is a real concern that these tree crops will result in greater demand for supplemental irrigation, and so exacerbate water scarcity (Mohamad et al., 2014; Alfieri et al., 2018) . In the Northern Mediteranean, it is estimated that each litre of extra virgin olive oil production already requires 3900 litres of irrigation water, delivered using 433.6g of fuel (Banias et al., 2017) .
Cactus production is another tree-based adaptation option also aready supported by government and extension services (Alary et al., 2007) . Cactus grows faster than olive, and cactus cladodes can be used as an alternative feed supplement and water source for livestock. Cactus plantation is considered helpful to combat soil erosion in the rangelands (Mazhar et al., 2002) . Furthermore, it requires less water and is more drought tolerant than other tree-based adaptation options, such as growing olive trees. Recently, high economic value attributed to prickly pear fruits and seed oil has been observed as a lucrative benefit that can be achieved while promoting the recovery of native vegetation (Genin et al., 2017) .
The objective of this study is to assess the economic profitability of the two identified treebased adaptation techniques in the rangelands of central Tunisia under the changing climate. Following a brief conceptual review of the economic assessment approach, the study area and adaptation techniques (olive trees and cactus) are introduced.
Following the presentation of the methods and results obtained (both quantitative and qualitative), a concluding discussion explores the significance of the findings for decision-making in Tunisia. The discussion then reflects on the interest of the study to the international scientific community, in light of the continued emphasis on tree-based adaptation options for rangeland areas across various parts of Africa, particularly south Mediterranean countries.
Economic assessment approach
The economics of agricultural adaptation practices under CC have been investigated in a range of contexts (Chambwera et al., 2014; Traerup and Stephan, 2015; Watkiss et al., 2015) , These adaptation practices generate both off-site as well as on-site effects (Fleskens et al., 2005) . Off-site effects occur in hydrological systems (e.g. through changing groundwater recharge) or climate regulation (e.g. through effects on emission and sequestration of CO 2 ). On-site effects are related to land productivity. Different stakeholders may assign different values and priorities to on-site and off-site benefits and costs (Chaudhury et al., 2016) . Farmers are most interested in reducing on-farm costs, maximizing net returns, and reducing risk. On the other hand, public sector interest is more oriented to the social benefits including off-site effects on shared resources such as water and ecosystems (Hanley and Barbier, 2009) . At the global level, the major interest is mitigation of greenhouse gas emissions to minimize CC and associated negative effects (World Bank, 2010) .
CC adaptation is mainly implemented at the individual level. The private costs and benefits of production in the barley-rangeland-livestock systems are complex, due to multidimensional farm budgets, including both crop and livestock production. Surveys can help to shed light on these (e.g. Alary et al., 2005) . Governments can offer incentives for adaptations that will generate social benefits as well as private benefits (Sgroi et al., 2015) . Analysis of both public and private costs and benefits can help to identify win-win strategies (Daly-Hassen et al., 2010; Branca et al., 2015) .
Farm surveys can shed light on the private costs and benefits of adaptation. However, to take social costs and benefits into consideration, an additional layer of complexity is included to the cost-benefit analysis. Effects on water scarcity may have a growing significance for society, but understanding these requires additional use of environmental and climate modeling techniques (building on GIZ, 2007) . Policy analysts must then combine their knowledge of the outputs from these models with understanding of the production systems and society to assess the likely economic effects of adaptation decision-making (as in Verner and Breisinger, 2013; Grami and Ben Rejeb, 2015) .
Materials and Methods

Study site caracteristics
The dominant social and livelihood systems in the central and southern rangelands of Tunisia rely on small ruminant production in barley-rangeland-livestock systems (Jemaa et (GIZ, 2007) . In addition to effects on human populations and irrigated production, water scarcity and salinization also has negative effects on livestock productivity (MAF, 2004) . Lack of alternative economic activities, periodic droughts, and rangeland degradation have led farmers to adapt by irrigating new cash crops, using supplemental irrigation to support rainfed production, and purchasing concentrated feeds for their livestock (Ouled Belgacem and Louhaichi, 2013 (Fig. 1) . The study site covers 2,435 ha, the population was 2371 in 2013, spread amongst 413 households (INS, 2012) . The unemployment rate in the area is about 12%. Houses are equiped with electricity and families collect water from public wells using cisterns. The main livelihood constraints identified by households are related to unemployment, weakness of financial resources, insufficient investment means, low level of education, lack of opportunities for young people, low salaries for women in agricultural fields, lack of drinking and irrigation water, and drought. Recognized opportunities to improve livelihoods include: distribution of drinking water, creation of new irrigated areas, plantation of cactus, and soil and water conservation.
The climate is semi-arid with a mean annual temperature of 19°C and mean annual rainfall of 241 mm (INS, 2012) . The average annual evapotranspiration is about 1500 mm. The drought frequency is 6 years in a decade. For water resources, three hill lakes in the upper reaches of the Hajeb-Jelma watershed collect runoff water, and various structures have been installed in the watershed to enhance groundwater recharge. In addition, two deep wells, made available to small farmers through a local farmers' association, are used for both drinking and irrigation water (GIZ, 2012) .
Transhumance has practically disappeared from the small ruminant-cereal cropping-barley systems in Zoghmar but some collective rangelands are still present. Livestock have always been essential to the viability of agricultural livelihoods in the study area. The livestock sector is strongly dependent on feed resources. This was not the case four decades ago, when the rangelands covered most of the livestock feed requirements. Changes in production system patterns, observable in the past studies (INRAT, 1999; ICARDA, 2005) include increasing herd numbers and intensification of the production systems through irrigation and olive tree plantation.
The Office de l'Elevage et de Pâturages (OEP) is encouraging cactus plantations on private lands by covering some plantation costs and providing compensation for income loss from grazing in these plantations (45 TND/ha per year) during the first three years. Technical support for irrigation improvement and/or promotion of additional alley cropping with cactus appeared to the agricultural research and extension services to be the most feasible options for adaptation to climate change to be supported by the government. Olive tree plantation is practiced by famers in rainfed and irrigated areas. Also, the state offers a subsidy of 60% toward the cost of irrigation equipment.
Future climate trend and calculation of additional irrigation water demand
Climate forecasts for Sidi Bouzid according to the HadGEM2-ES for CRP 4.5 model, indicate a 16% decrease in annual rainfall anticipated by 2050-2060, and a 0.9°C increase in average annual temperature. While there are uncertainties, there is no doubt that the suitability of agricultural land for cereal crops will be reduced to a marginal suitability level.
Crop water demands were estimated according to the downscaled HadGEM2-ES results for RCP 4.5 emission scenario included into the Marksim TM for CMIP5 weather file generator (Jones and Thornton, 2013) . The amount of additional water needed for irrigation was calculated in accordance with the change of evapotranspiration (FAO, 1998) with the predicted CC scenario.
Economic data
A survey was conducted from October to November 2013, in Zoghmar village to assess current private costs of and benefits for different land uses. The questionnaire was administered randomly to a stratified sample of 100 households (about one fourth of the farming households) distributed amongst the different production systems, farm types and zones in the eight communities living in the study area. Main farm types considered are agropastoral farms, small and middle-sized crop-livestock farms and diversified farms in irrigated areas (Alary et al., 2007) .
Three previous surveys informed the survey design and provided information on the landuses and livelihoods of people in the study area (INRAT, 1999; ICARDA, 2005) . Similar to the previous surveys, the respondents interviewed were introduced as the heads of households (all of them male) who indicated that they made the decisions and managed the farms. These surveys also provided baseline information for identification of land use changes.
The survey was based on face to face interviews on site. Questions were related to physical and economic characteristics in order to determine costs and benefits of different crops and livestock production. After some general information about land ownership and uses, the first part of the questionnaire focused on costs and benefits from different crops or sylvopastoral plantation (cereals, olive trees, cactus), livestock production and the income generated from non-agricultural activities. The second part dealt with the effects of climate on crop yield, land use and measures for adaptation. A limited number of qualitative observations were requested about perceptions of CC risks and adaptation.
Cost-benefit analysis (CBA) of adaptation options
Rangelands and rainfed barley cropping were considered as baseline (B), whereas the two alternative adaptation options (A) involved either olive trees or cactus plantation. In irrigated areas where irrigated barley production is practiced, irrigated olive tree plantation was studied as an adapation option consuming less water than barley. Irrigation is restricted to a small area due to limited water supply from three hill lakes and two deep wells.
CBA is a decision support tool that gives economic information to allocate scarce resources (Hanley and Barbier, 2009 ). The CBA elaboration for the tested adaptation options consists in:
(i) Assessment of present costs and benefits from the farmer perspective. This included identification and collection of data enabling quantification of costs and benefits in 2013, including the on-farm income in terms of the net benefit per hectare,
(ii) Assessment of present costs and benefits from the perspective of the national society and global community, (iii) Projection of the same indicators and values over the life duration period, including anticipated CC (but no other change related to productive activities or prices), (iv) Assessment of the Net Present Value (NPV) and the Internal Rate of Return (IRR) of the alternative adaptation options, using appropriate discount rates.
Costs and benefits in 2013 for each production pattern (crops or sheep) were assessed in order to determine the net private benefit as follows:
Net private benefit = Revenue at market price -Total cost at market price
With: Revenue = ∑ Quantity * Price Total cost = input cost + labor cost + other costs Input cost = ∑ Q x P (water, seeds, fertilizers, chemicals, hay, concentrate, straw, pasture…) Labor cost = Number*Wage Other costs = ∑ C (pilling, harvesting, veterinary, maintenance, transport, depreciation…)
From the social and global perspectives, economic costs and prices are introduced (Hagen, 2009) , instead of financial costs and prices, as follows:
Net social benefit = Net benefit of the production on site -Cost of water degradation
Net global benefit = Net benefit of the production on site -Cost of water degradation + Value of carbon sequestration (3)
Net Present Value and the Internal Rate of Return (IRR)
The Net Present Value (NPV) corresponds to the sum of present values (PV) of net benefit flows. The PV is estimated using an annual discount rate r as follows:
The IRR corresponds to the discount rate "r" at which the NPV is nul. The adaptation option is worthwhile if the NPV is positive when discounted at a suitable discount rate and IRR is higher than the opportunity cost of capital. Generally, an option with a higher NPV would be preferred. If the NPV is negative for farmers but positive from the social perspective, this means that the adaptation option is beneficial for the society, because of its high environmental benefit. In this case, a subsidy to farmers might be justified.
The NPV is calculated for a period of 20 years for cactus (OEP, Personal communication) and of 60 years for olive trees plantation (Stillitano et al., 2016 ) that corresponds to their economic life span, allowing regular and good level of production. In Tunisia, cost-benefit assessments made by decision-makers do not usually consider effects on water scarcity and a discount rate of 10% is most often applied. In this study, a discount rate of 8% is considered for both farmers and society. Lower discount rate (from 1 to 4%) has been recommended for projects affecting natural capital and climate change, as the availability of this resource in the future cannot be guaranteed (Stern, 2006; TEEB, 2010) . Threfore, a sensitivity analysis was conducted using a discount rate of 2%.
Results
Land use changes
Survey results indicate that each household owns an average of 14.7 ha (42% cereals, 19% olive tree, 13% cactus, 23% fallow and pasture and 6% irrigated crops) ( Table 1) . Comparison of the survey results to those of previous surveys showed that the extent of the rangelands in Zoghmar had increased from 3% in 2002 to 23% in 2013 and cereal cropping area had decreased from 85% in 1991 (INRAT, 1999) to 42% of the total agricultural surface area in 2013. The change can be attributed to the increasingly unfavourable climate.
All interviewed farmers consider CC as a threat for their income, a threat they're managing using irrigation and buying more food for the animals. Over the period 1991-2013 the adaptation was mainly by increasing the size of the livestock flocks from an average of 20 ewes per farm to 26. New irrigated areas covered 6% of the total area in 2013. This was used mainly for vegetables, irrigated cereal production and olive tree orchards. The area under olive plantation had increased from 10% in 1991 to 19% of the surface area in 2013.
For the whole sample, the surface area of olive trees represents 285 ha, while the irrigated area is limited to 95 ha with a mean irrigation water applied of 2060 m 3 /ha per year. In 2013, water from the two deep wells that were present in the target area reached less than 30% of the irrigated area. This was due to irrigation equipment shortages, poor mastering of the irrigation technology and the technical requirements for growing irrigated crops.
Cactus plantation in Zoghmar region increased during the period 1991-2013. The land area occupied by the cactus-crops (mainly barley) commonly known as alley-cropping had increased by 11% during the period 2002-2013. About 77% of farmers either own intensive cactus plantations (high plantation density) or have adopted cactus alley plantation.
Climate change effects
The available production baseline information was from the period 2002 -2011 . During this period, barley yields, recorded by the CRDA, ranged from 0 to 960 kg/ha, with a mean of 360 kg/ha under rainfed conditions. These regional data, that cannot be collected through surveys or other physical measures, were used in order to take into account the an- nual variation of productivity in function of climate conditions. Over the period 2002-2011, the rangeland production was estimated by CRDA at 150 FU/ha on average using the same trends of barley (CRDA). Under rainfed conditions, the CC effect was estimated to result in a reduction of crop production by 0.5% per year. With irrigation, crops production was assumed to be constant.
Based on CC predictions about decrease of rainfall for 2050-2060 time slice and the additional irrigation water needs for olive trees estimated at 1000 m 3 /ha per year, it was assumed that the rate of decline in the groundwater level would double.
Assessment of additional costs of adaptations
Additional costs to the farmer and to the society (national and global) associated with the two adaptation alternatives were identified ( Table 2) .
Costs of cactus plantation
Based on the survey findings, the costs associated with cactus plantation and exploitation were identified to include: cactus cladodes, ploughing, and labour for plantation, guarding, grazing and harvesting of pads. No additional water was needed as an input to the cactus production. Social costs include all the costs used i.e. the value of family labor, cost of cactus plantation, and costs of cladodes and fruits collection. The large difference between the cost for farmers and the cost for society is due to public subsidies for cactus plantation, which are about 390 Tunisian Dinar (TND 1 )/ha in total. These include the costs of cladodes, the cost of ploughing and some costs of plantation. The survey indicated that the only added cost for farmers to grow cactus is the cost of land preparation: deep-plowing for intensive plantation or plantation-line opening using a moldboard plow with 20 m distance.
Costs of olive plantation
The costs associated with olive plantation were identified to include costs for plantation, irrigation, plowing, pruning and harvesting. There is a difference between financial cost of labor (for the farmer) and the economic cost (where the cost of family labor is included). The plantation costs were 386 TND/ha for the famer and 466 TND/ha for the society. The costs to the farmer for irrigation include irrigation equipment and cost of water for irrigation. The water equipment is subsidized by 60%. A tariff is applied for water for irrigation (0.12 TND per m 3 ) in the irrigated area that covers mainly the costs of maintenance of infrastructure and fuel for pumping. The cost of water applied for filling cisterns and used for the irrigation in rainfed area is much higher (0.6 TND per m 3 ). From a social perspective, the cost assessment should consider the full cost of water, including the opportunity cost (additional value foregone to society for an additional unit of water). In light of the value of foregone agricultural productivity, this was calculated at: 0.3 TND.m -3 in 2013. As a result, the cost of water to farmers in the irrigated area (250 TND/ha) is below the economic value of water (624 TND/ha). For society, an additional cost of irrigation water is due to the costs of negative externalities (water degradation, i.e.: decline in groundwater level).
To assess the cost of water use in light of offsite effects on the water table, and the additional cost of the adaptation to increase irrigated olive production, we consider groundwater extraction costs using the replacement cost method (Hellegers et al., 2001) . This is assessed through the cumulative additional cost of water pumping over time (Figure 2 ). The decline in the water table is assumed to continue at a linear rate in the future, resulting in a decrease of 0.7 m per year. The cost of water pumping would rise accordingly. Under CC and crop water demand will increase, groundwater recharge will decrease and groundwater levels will decline faster. Increasing irrigated olive plantation accelerates increasing water demand, extraction and lowering of the groundwater table. This increases the costs to society to access water supplies.
Assessment of benefits
Benefits of cactus plantation
Herd owners using cactus pads for sheep feeding (85 farms) have an average of 2.7 ha of cactus to satisfy their needs. The survey indicated that the use of cactus pads enables savings on livestock feed and water costs, so that the total production costs were lower (-9 TND per ewe, on average). The improved nutrition and watering of the sheep increased their sale value by +40 TND per ewe, on average. The annual use of cactus pads was 6.3 t/ha (alley cropping) and 7.8 t/ha (whole plantation). The same production rate is assumed for cactus from age 4 to age 20, which is the average life duration of cactus shrubs (Ben Salem, 2014) .
For the society, benefits from cactus include the value of cladodes as an energy source for livestock (1kg fresh matter = 0.065 Forage Units: FU) and the value of fruits collected, estimated at the local market price. Benefits include both cactus pads collected and used for sheepfeed, and pads and fruits sold in the market. The market price of pads and fruits are 0.03 and 0.1 TND/kg, respectively. On a per hectare basis, the additional net benefit of cactus is 218 TND/ ha ( Table 2 ). The shadow price of barley, based on import price, is used for assessing the social value of the forage unit (0.49 TND/FU). The local price of forage (value to the farmer) is less than the social value.
For cactus, carbon sequestration was estimated at 0.3 t/ha and 1.9 t/ha respectively for young plantation and for old plantation. The underground biomass is estimated as 40% of above ground biomass. These estimates are quite approximated and information about carbon sequestration in soils is unavailable in the study area. These assumptions could be replaced with more refined estimates if decision-makers would chose to invest in the scientific work required.
The price of carbon sequestration on the international market is $ 4 per ton of CO 2 (Hamrick and Goldstein, 2016) . This price could increase with the evolution of carbon pricing instruments. It should be noted that prices vary between 1 $ and 130 $ per ton of CO 2 , depending on the instruments, and are less than $ 10 per ton of CO2 for 85% of emissions (Kossoy et al., 2015) . In the absence of clear future projections, it is assumed that this price will remain constant in future, as a conservative value. We also assume that all other prices will remain constant.
Benefits of olive trees plantation
Olive groves in Zoghmar have a life duration of 60 years, a density of plantation of 100 trees/ ha and a survival rate of 90%. Barley is intercropped between olive tree lines only for the first five years after olive tree plantation. Management costs include plowing, irrigation (for 10 years in rainfed plantation) and trimming. In the rainfed plantations, the yield production of olives is considered similar to those observed in the period 2002-2011 (ranged from 0.04 to 0.71 t/ha, CRDA data), whereas, a progressive increase is anticipated in the irrigated area from year 3 (0.5 t/ha) to year 7 (2.5 t/ha) and a production varying between 2.75 and 3.50 t/ha is expected (from year 8).
The benefits do not integrate only olive production, but also, fuel wood production (40 TND/t) since the half of the above olive trees biomass is pruned each two years after harvesting.
Carbon sequestration by olive trees is determined according to the volume of biomass production and the olive tree pruning. This depends on the age of vegetation: for olive trees, it is estimated to be from 0.2 t/ha at the age of 1 year to 7.5 t/ha at 20 years and beyond under irrigated systems (Nefzaouí and Zidani, 1987) . It is assumed that half of this quantity is acheived by olive trees under rainfed conditions and that pruning induces a reduction by half the quantity of carbon sequestred, resulting from cutting half of the biomass (Ben Rouina et al., 2007) .
Profitability of different adaptation options
Once costs and benefits of cactus and olive tree plantations were identified for the life duration, a cost-benefit analysis was undertaken for assessing their profitability.
Introducing cactus to barley or rangeland systems
Cactus plantation was profitable from both the farmers' perspective and the social perspective (Table 3) .
With the subsidies and compensation for income losses, cactus plantation becomes very encouraging for farmers. From the farmers' perspective, cactus-barley alley cropping provided greater NPV (8%, 20 years) of 2457 TND/ ha than barley alone (607 TND/ha), inducing an additional value of 1850 TND/ha (Table 3) . The gap between the return on cactus plantation and that generated by the natural rangelands or rainfed barley is likely to increase with ongoing climate changes that induce a reduction of the productivity of rangelands and rainfed barley. From the social perspective, the IRR for the cactus plantation in rangelands varied between 16% (cactus in alley cropping with rangelands) and 30% (cactus in alley cropping with barley). Nevertheless, the average values hide disparities in profitability depending on the intensity of use of cactus pads. Since the annual use of cactus cladodes ranges between 1.5 and 30 t/ha, the NPV of alley plantation of cactus in rangelands can vary from -396 to 6903 TND/ha. From the global perspective, the additional NPV is much higher than previous one for all types of cactus plantation (Table 3) . This study has confirmed that cactus and barley cropping generates an income for farmers when combined with sheep production. These additional benefits from cactus production are not as readily quantifiable because they require understanding of farm budgets integrating both crop and livestock production, rather than simply for crop production alone.
It should be considered that these economic results depend on the use of the cactus for feeding and climatic and agronomic risks. Alary et al (2007) conducted a CBA study at national level without considering social and environmental impacts. Using 2000 prices and data at national level, Alary's results show that the mean Internal rate of return (IRR) is 4.1% for the barley-cactus system and 4.7% for the pasture-cactus system, with a high sensitivity of the IRR according to risks considered ranging from -1% to +16%.
Introducing olive tree to barley or rangeland systems
Rainfed olive tree plantation in Zoghmar is not profitable, neither from the farmer perspective nor from the social and global perspectives (Table 4) . Farmers suffer losses of -904 TND/ ha for the first year of olive tree plantation and generate low gains from mature productive plantations (Figure 3) . The IRR is estimated at 0% from the farmer perspective and 1.3% from the social perspective. When interviewed, farmers were aware of the losses that they could incur. They justified their decisions to maintain olive plantations in the rainfed areas for various reasons: anticipated future extension of irrigated area, preventing grazing by other herds, or increasing the land value. These reasons are similar to those reported previously by Guillaume (2009) : change of in land ownership and socio-cultural dimension of olive trees as heritage value.
Olive trees will likely become increasingly dependent on irrigation water from dwindling reserves of groundwater. In irrigated areas, olive tree plantation is profitable (Table 3 and 4) , with an IRR of 14.5% for farmers, 10.8% from the social perspective and 13.4% from the global perspective. The social cost for water is much higher than the cost to the private farmer (Table  2) . Nevertheless, the net benefit from a young plantation (<15 years) is low (+246 TND/ha per year), but it increases for productive olive tree plantation (746 TND/ha per year) on average.
Using a low discount rate (of 2%), the additional NPV varies considerably (Table 4) , but remains unchangeable for the farmer and social perspectives. These results do not change significantly with the CC scenario. Assuming an additional irrigation due to CC, the NPV of irrigated olive tree plantation decreases from 6183 TND/ha to 5069 TND/ha from the social perspective. From the global perspective, NPV values are relatively higher due to carbon sequestration. The social NPV of irrigated olive tree plantation over its life duration would decrease by 26% under the CC scenario, but it remains profitable as long as society can afford to continue irrigating. Even if we assume that the groundwater level would decline in future, the NPV of the subsidized irrigated olive production remains positive for farmers (4582 TND/ha).
Our results suggest that irrigated olive production around Zoghmar is likely to continue expanding as long as the subsidy remains available. Unfortunately, the analysis of social benefits and costs so far could not fully consider the risk of the drying of the groundwater table in the future. Therefore, it was not possible to assess its consequences, not only for olive production, but also for the availability and quality of water supplies to the families living in Zoghmar village.
Discussion
To our knowledge, comparative social and global benefit-cost assessments have not previously been applied in the southern mediteranean rangelands -even to the quite limited adaptation options that we have explored. Thus, the present study has set a useful precedent for encouraging Tunisian decision-makers to take such assessments into consideration.
In other rangelands where there are agroforestry solutions being advocated for adaptation to climate change, and a lack of benefit-cost assessments, decision-makers may also find our methodological approach of interest. The aspects of interest in our study include both its feasibility and applicability. And also the considerable gaps that we have identified in need of further consideration for a full assessment of the global, social and private benefits and costs of investments in agroforestry.
Gap between private and social profitability
Economic incentives are needed to fill the gap between private profitability and public utility, thus to encourage private owners to implement adaptation options that are beneficial to society. The results reported in this paper confirm the need for incentives to encourage the use of cactus in alley cropping by offering support to farmers in the first year because this intervention will only be profitable for them over the longer term. However, such incentives should not be offered for rainfed olive tree plantations because these induce a net loss for society. Also, subsidies are not justified for irrigated olive tree plantation since farmers would conduct this intervention even without any incentives.
Research needed to consider other externatlities affecting social profitability
There are some aspects of the social cost of irrigated tree production that we could not as- sess. For example, we were not able to fully assess the possible future social and private costs of depletion of water storage and reductions in water quality. We were also unable to assess the benefits of soil conservation (other than through the value of the productive output). However, these are significant concerns in our case study area. Conversion of rangelands to olive tree plantation on a slope can have negative effects in erosion of downstream areas and sedimentation of hill lakes. By contrast, the conversion of barley cropping to cactus plantation impacts positively on the society in terms of protection of agricultural lands and reduced sedimentation.
There is a need for multidisciplinary research that uses different models for the evaluation of different social costs and benefits, especially related to possible effects of cactus and olive on runoff and water table recharge. A range of other biophysical modeling techniques could help us to refine the estimates of the future effects of climate change, effects on crop production, and others (see e.g. Fader et al., 2015) . Therefore improved knowledge is required, through coupling biophysical-models to economic-models, to develop decision support systems to consider different risks and uncertainties. To enable the necessary investment in these types of research, decision-makers would need to understand the difference that this knowledge could make to their benefit-cost assessments, and to farmers' livelihoods.
Where and how to invest in improving and applying the knowledge bases to assess and support the adaptations of societies in marginal rangeland areas is ultimately a political and social choice for decision-makers.
Sensitivity analysis of profitability
In order to determine the possible effects of other factors on our estimates, and to prioritize the various available ways to refine them further, a detailed sensitivity analysis could be explored. This could examine for example the effects of possible climate changes on the future production of different crops, the survival rate of young plantations, future variations of prices (including carbon), increases in water required for irrigation and the natural events (e.g. drought, windstorms and diseases), effects on the water balance, and possible degradation of water quality.
As we have noted early in the paper, and in the results presented, the choice of the discount rate is important in estimating the present value. A small change in the discount rate could affect the result of our calculations of social and global benefits more than several years of investment in generating climate scenarios and crop water response modeling would do.
Conclusion
In rangelands, the benefits and costs of treebased adaptations to climate change vary, depending on perspective: whether private, social or global. Many of these benefits and costs can be assessed. However, some of them cannot. And no matter how exhaustive and detailed the data and analyses from socio-economic surveys and biophysical modeling work they are based on, the final assessment can be strongly affected by methodological choices, particularly the choice of the discount rate.
Although cost-benefit assessments should be handled with care, they are useful as a discursive tool for decision-support purposes. The results of this study show that in Zoghmar village: i) rainfed olive tree plantation is not profitable, neither from the farmer perspective nor from the social perspective, ii) irrigation technology is considered as the best adaptation alternative from the farmers' perspective, but better information is needed to assess the damages related to the degradation of water resources, and iii) olive tree production does not require public subsidy -since it is already profitable from the private perspective if irrigated, but may have more social costs than we are yet able to assess.
In contrast, cactus secures additional benefits and is more attractive for individuals and society. In other rangelands where there are agroforestry solutions being advocated for adaptation to climate change, and a lack of cost-benefit assessments, decision-makers may find our methodological approach of interest.
